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ABSTRACT 
Based upon a chemical engineering analysis of existing 
semiconductor grade polycrystalline silicon processes, 
Cost Element Objectives for (1) Capital Equipment, ( 2 )  Raw 
Materials, (3) Labor, and (4) Utilities were established 
to meet the LSA Project Silicon Materials Task Cost Ob- 
jective of $lO/kg for Solar Cell Grade(SCG) Silicon. A con- 
tinuous Flow Reactor (CFR) process based on the hydrogen 
reduction of the bromosilanes SiBrq and SiHBrj was pro- 
posed by the J. C. Schumacher Company to meet these Cost 
Elemenr Objectives, which resulted in the letting of 
JPL Contract 954914 to the Company. Initial experiments 
carried cut as part of t.his contract, directed at obtain- 
ing overall yield data for bromosilane reduction in the CFR, 
indicated the need for increased reactor residence 
time and deposition substrate particle packing den- 
sity to fully characterize the kinetics (rate) and thermo- 
dynamics (yield) of observed silicon production. Fluid- 
ized bed experiments were therefore initiated to overcome 
these experimental difficulties, which showed both thermal 
decomposition and qydrogen reduction of SiHBr3 in a 
fluid bed reactor to present attractive closed-loop pro- 
cesses for producing SCG polycrystalline silicon consis- 
tant with Cost Element Objective derived earlier. No 
process selection could be made however due to the fact 
that preliminary optimization of 2 of 3 process stages 
in each case during the course of the experimental pro- 
gram showed comparable attainment of Cost Element Objec- 
tives. Further experiments to complete process selection 
and preliminary process economic evaluation and design 
are therefore suggested. 
1.0 INTRODUCTION 
1.1 Foreword 
This Final Report is submitted by the J. C. Schumacher 
Company in partial fulfillment of the requirements of 
JPL Contract No. 954914. The work described herein 
was performed during the period 10/24/77 to 11/9/78, 
as part of the Silicon Materials Task of the Low-Cost 
Solar Array Project. Contributors to the work performed 
were : 
o John C. Schumacher; Project Manager 
o Lloyd Woerner; Principal Investigator 
o Edward Moore; Project Engineer 
o Charles Newman; Research Scientist 
J. C. Schumacher Company efforts during the life of 
Contract No. 954914 were directed by the Contract 
Statement of Work at "conducting the iniiial phase of 
a program to determine the feasibility of a high 
velocity, gaseous-reaction process for the hydrogen 
reduction of bromosilanes utilizing a continuous-flow 
reactor having continuously-introduced particles, which 
act as silicon deposition substrates, tkst are mixed 
with and conveyed by high-velocity gaseous reactants 
through the reaction zone and terminate in a continuous 
discharge for the low-cost, high-volume production of 
solar grade silicon." 
In particular, tasks to be performed during .the,first 
program phase would establish detailed overall yield data 
suggested by, but not actually available in, the'lit- 
erature upon which feasibility of the propose.i,approach 
depended. 
. , 
. . 
. . .  
An experimental program was therefore initiated to ob- 
, tain the requisite yj-c-ld information, for hjrdrogen 
reduction of silicon tetrabromide (SiBr4)#and tri- 
bromosilane (SiHBr3) in a high velocity continuous flow 
reactor (CFR) which utilized Si'particles as the product 
deposition substrate. . ' 
1.2 CFRStudies 
As originally conceived, the CFR involved separate pre- 
heating of the reactants Hz, and SiBr or SiHBr3, and the 
deposition substrate Si particles, an4 their coaxial, 
cocurrentinjectioninto the reaction zone. Small-scale 
equipment design and materials of construction (quartz), 
however, precluded obtaining sufficient reactor residence 
time at temperature to generate meaningful reaction rate 
and yield data in the initial experiments which employed 
SiBr4. Countercurrent substrate injection and fluid bed 
experiments were, therefore, initiated to obtain actual 
rate and yield data for both SiBrq and SiHBr3, in 
the temperature ranges of interest. 
1.3 Fluid Bed Reactor Experiments 
1.3.1 Candidate Closed Loop Processes 
Fluid bed experiments carried out with SiHBr3, showed 
two processes based on a fluid bed reduction stage to 
have exciting potential for meeting Silicon Materials 
Task cost objectives, resulting from apparent advantages 
of SiHBrg over SiHC13. The processes were as follows: 
Thermal Decomposition Process 
650°C o 3SiBrq + Si + 2H2 .------)4SiHBr3 Yield = 35% (1) 
850° 
o 4SiHBr3-% Si + 2H2 + 3SiBr4 Yield = 85% (2) 
and 
Hydrogen Reduction Process 
o Si + 3HBr 3 5 0 0 c * ~ i ~ ~ r 3  + 82 Yield = 60% (3) 
o SiHBr3 + H2 loooOCbSi + 3HBr Yield = 60% (4) 
1.3.2. SiHBr3 Process Advantages vs SiHC13 
Apparent advantages of the SiHBr3 system over the 
SiHC13 system found during the experimental investigation 
were : 
(1) Inhibited Homogeneous Nucleation Durinq Thermal 
Decomposition 
It is well known (1) that SiHC13 undergoes low 
temperature thermal decomposition in the 700°C 
to llOO°C temperature range. A viable ultrahigh 
purity silicon production process has, however, 
not been able to be developed utilizing this 
scheme due to the tendency for the reaction 
product silicon to homogeneously nucleate in 
the vapor phase producing a fine (1 micron) 
particle, amorphous product. High temperatures 
(1250°C) and a large excess (20/1) of hydrogen 
in a hydrogen reduction process are in fact 
required to suppress the observed tendency of 
the SiHC13 system for homogeneous nucleation. 
Homogeneous nucleation has been found with the 
SiHBr system only under low temperature 
(70008 - 800°C) and very short residence time 
(.1 - . 2  sec.) conditions, so that thermal 
decomposition at low temperature (800°C - 850°C) 
becomes a feasible process. The low temperature 
and elimination of the large excess hydrogen 
requirements are obvious advantages of this 
process. 
( 2 )  Absence of Wall Deposition 
Wall deposition has been found to be only minimal 
in thermal decomposition of SiHBr3. 
(3) Absence of Polymer Formation 
Formation of explosive polymer is well known in 
SiHC13 hydrogen reduction by the Siemens Process. 
No polymer formation has been observed in 
extensive thermal decomposition or hydrogen re- 
duction of SiHBr3. 
(4) Large Particle Production 
Thermal decomposition of SiHBr3 yielded a large 
dense particle product (250 to 350 microns) from 
an 80mesh (170micron) fluid bed due to the absence 
of homogeneous nucleation. Obvious product 
handling advantages result. The hydrogen reduction 
process product has not been fully size analyzed 
at present, but was similar in appearance. 
As a result of the success of the SiHBr3 fluid bed 
experimental investigations, the focus of JPL Contract 
No. 954914 was changed from obtaining bromosilane 
hydrogen reduction kinetic data in the CFR 
to establishing which process,(l) the Thermal De- 
composition 2rocess, or (2) the Hydrogen Reduction 
Process, presented the more attractive opportunity for 
economic exploitation in terms of meeting Silicon 
Material Task cost reduction objectives. 
1.4 Processes for Continued Study 
Both the Thermal Decomposition Process and the Hydrogen 
Reduction Process which employ SiHBr3 to produce SCG 
polycrystalline silicon present attractive opportunities 
for meeting LSA Project Silicon Materials Task cost 
objectives. This can be inferred from simple estimates 
of about $15,000,000 for Capital Equipment for both 
processes p-esented below, which are shown through 
Cost Element Analysis to be consistent with overall cost 
objectives. 
Further study of both processes is,however, required 
for process selection. Each process consists of 
three basic elements, one of which (purification) is 
common. Studies carried out to date have largely been 
confined to the common stage as well as the final 
(decomposition) stage of the Thermal Decomposition 
Process, and the initial (SiHBrg Synthesis) stage of 
the Hydrogen Reduction Process, due to the need to 
first demonstrate feasibility of the SiHBrj approach. 
Thus, though overall feasibility of both processes 
has been shown, additional experiments are suggested to 
optimize both processes in their complete form. 
Process selection will then be made on the basis of the 
optimized overall process. 
2.0 BACKGROUND 
2.1 The LSA Pro jec t  S i l i con  Mater ia ls  Task 
Although many quest ions  e x i s t  a t  p resen t  concerning 
the  exac t  details of how photovol ta ic  electric 
generating capaci ty  w i l l  be in t eg ra t ed  i n t o  e x i s t i n g  
d i s t r i b u t i o n  networks, and t o  what e x t e n t  it w i l l  
impact f u t u r e  energy supply requirements, both indus t ry  
and government agree t h a t  meaningful con t r ibu t ions  w i l l  
be made by t h i s  technology, when and i f  i n s t a l l e d  
generating capac i ty  c a p i t a l  c o s t s  can be reduced from 
the  presen t  l e v e l  of  $15/watt t o  t he  order  o f  $l/watt.  
The U.S. Department o f  Energy i s ,  there fore ,  support ing 
achievement of  t h i s  c o s t  reduction ob jec t ive  through 
financing a number of  R&D and "market p u l l "  programs, 
among which is the  Low-Cost Solar  Array (LSA) 
p ro j ec t  d i r e c t e d  and administered by the  Jet Propulsion 
Laboratory of t h e  Ca l i fo rn i a  I n s t i t u t e  of  Technology 
(JPL). LSA P ro j ec t  goals  include a p r i c e  of less 
than $0.50/(peak) w a t t  by 1986 f o r  i n s t a l l e d  
S i l i con  So la r  C e l l  photovol ta ic  e l e c t r i c  generat ing 
capacity.  
To achieve LSA p r o j e c t  o v e r a l l  c o s t  reduction goa ls ,  
JPL has organized seve ra l  ind iv idua l  t a sks  d i r e c t e d  
a t  reducing ind iv idua l  c o s t  elements of  i n s t a l l e d  photo- 
v o l t a i c  electric generat ing capaci ty .  Among these  in- 
d iv idua l  t a s k s  is  the S i l i c o n  Mater ia ls  Task, which has 
t he  ob jec t ive  of reducing the  c o s t ,  both i n  terms of  d o l l a r s  
and energy investment, of the  u l t r ah igh  p u r i t y  poly- 
c r y s t a l l i n e  s i l i c o n  ("poly") used i n  s i l i c o n  s o l a r  c e l l  
f ab r i ca t ion  from t h e  presen t  l e v e l  o f  $60 and 500 KWH/kilo 
t o  less than $lO/kilo. 
JPL Contract  954914 was le t  t o  t h e  J .C .  Schumacher 
Company as p a r t  of t he  S i l i con  Mater ia ls  Task o f  t he  
LSA pro jec t .  
Given the  t a s k  of  reducing "poly" c o s t s  from $60 and 
500 KWH per  k i l o  t o  less than $lO/kilo, e x i s t i n g  pro- 
duction processes f i r s t  were examined t o  del ineatc  those  
process s t e p s  with t h e  g r e a t e s t  p robab i l i t y  o f  c o s t  re- 
duction success. 
2.2 - Exis t ing Polycrys ta l l ine  S i l i c o n  Production 
The poly used cur ren t ly  i n  s i l i c o n  s o l a r  cel l  f ab r i ca t ion  
is Semiconductor Grade (SG) po lyc rys t a l l i ne  s i l i c o n  de- 
veloped f o r  use i n  i n t eg ra t ed  c i r c u i t  manufacture. For 
LSI and VLSI in t eg ra t ed  c i r c u i t  manufacture, SG poly must 
have an extremely low concentrat ion of  a l k a l i ,  a l k a l i n e  
e a r t h  and first t r a n s i t i o n  s e r i e s  metals  (10 p a r t s  pe r  b i l l i o n  
t o t a l  e l e c t r i c a l l y  a c t i v e  s p e c i e s ) ,  a s  w e l l  as a low d e f e c t  
concentrat ion.  The physics of device property effects, 
including minori ty c a r r i e r  l i f e t i m e ,  of  t he se  impur i t i es  
(both metals and defec t s )  i s  i d e n t i c a l  i n  both sophis t i -  
ca ted in t eg ra t ed  c i r c u i t s  and photovol ta ic  s o l a r  cells 
(a simple deep junction l a r g e  area diode) .  However, device  
packing dens i ty  i s  much g r e a t e r  i n  I C  f ab r i ca t ion  s o  t h a t  
it is poss ib le  t h a t  poly used i n  s o l a r  c e l l  f ab r i ca t ion  
Solar  C e l l  Grade (SCG) poly, can have a considerably in-  
creased impurity concentrat ion s p e c i f i c a t i o n  a s  a means of 
reducing manufacturing cos t s .  This po in t  is  under s epa ra t e  
study a s  p a r t  of  t he  LSA p r o j e c t ,  and SCG poly continues 
undefined. Spec i f i c  c o s t  reduction approaches based on 
loosening impurity concentrat ion s p e c i f i c a t i o n s  are, 
there fore ,  no t  poss ib le  a t  t h i s  t i m e ,  and t h e  b a s i c  
SG S i l i con  process must be improved t o  achieve t h e  
des i red  object ives .  
In b r i e f ,  SG poly is today produced by t h e  Siemens 
Process (2 )  i n  which meta l lu rg ica l  grade (MG) s i l i c o n  
is  reac ted  wi th  H C 1  i n  t h e  presence of a copper c a t a l y s t  
t o  form t r i c h l o r o s i l a n e  (SiHC13) which is , u r i f  i e d  by 
d i s t i l l a t i o n  and subsequently reduced i n  a 20/1 excess 
of hydrogen a t  l2OOoC and deposited on a ho t ,  high-puri ty 
s i l i c o n  fi lament i n  a CVD ("C") r eac to r .  Low y i e l d s  
and high energy use occur i n  a l l  process s t e p s  as we l l  as 
low throughput rate i n  the  CVD s tage .  Separation and recyc le  
of  by-products place  add i t i ona l  s e r i o u s  l imi t a t i on8  on 
the  process. 
2.3 Exis t ing Process Cost E s t i m a t e  
An estimate of t he  presen t  manufacturing c o s t  can be made 
with the  a i d  of simple chemical engineering es t imat ing  r u l e s  
as follows. S t a r t i n g  wi th  a s e l l i n g  p r i c e  o f  $60/kg, and 
fac tor ing  the  items of general  expense, a manufacturing c o s t  
of  $27.60/kg can be derived a s  shown i n  Table 1. 
TABLE 1 
ESTIMATION OF MANUFACTURING COST 
>I"% SELLING PRICE 
Selling Price (SP) $60.OO/Kg 
Less: 
Selling Expense @ 5% of .SP = 3.00 
General and Admin. @ 1 ~ 4  of SP = 6.00 
R & D  @ 4% of SP = 2.40 
Gross Profit 30 to 40% of SP = 18.00 to 24.00 1 ?- 
!? 
e g g . ,  Taxes @ $9.00 to $12.00 n 
Net Profit $9.00 to $12.00 * 
- 
Total $18.00 to $24.00 
Sub Total 29.40 to 35.47 
( 
i 
Net Equals Manufacturing Cost = $24.60 to 30.q 
Average i $27.66 
* Net ~":-nfit of $9 to $12 (Ave $10.50) is equivalent to about 
, ,, 
17 per cent of selling price, which is not unreasonable in i 
, . 
a highly technical, high risk business. i 
* .  
TABLE 2 
BREAKDOWN OF ESTIMATED 
MANUFACTURING COST I N T O  ELEMENTS 
COSTS 
-
Direct Costs  
Raw Materials 
Labor Approx. 52 men @ $5/Hr. 
Supervision @ 25% o f  l a b o r  
U t i l i t i e s  : 
Electrical 500 KWH @ 0.7 KWH 
Maintenance (7.5% o f  Cap i t a l  Cost Annually) 
P l a n t  Suppl ies  (14% o f  Maintenance) 
Royal t ies  (2 -5% o f  Mfg. Cost) * (By-product 
c r e d i t  ) 
TOTAL DIRECT COSTS 
I n d i r e c t  Costs 
Pay ro l l  Overhead 15% o f  Labor 
Laboratory 20% o f  Labor 
P l a n t  Overhead 73% of Labor 
TOTAL INDIRECT COSTS $ 4.96 $10.30 
Fixed Costs  b 
$ 2.67 $ 0.00 Depreciat ion (15 yea r  s t r a i g h t  l i n e )  
Taxes (2% o f  Cap i t a l  Annually) 0.80 0.92 
Insurance (3% of  Cap i t a l  Annually) 1.20 0.46 
i 
TOTAL FIXED COSTS $ 4.67 $ 1.38 ! 
: f 
TOTAL HANUFACTURING COSTS 
* Usually about  1-28 o f  S a l e s  
(a) Factored es t imates  f o r  Siemens Process based on methods 
presented by A r i e s  and Newton ( 3 ) .  
, 
(b) Detailed es t imates  f o r  Sieniens Process prepared by Carl Y a w s  ( 4 ) .  i' 
', 
Furthermore, using standard chemical engineering cost 
fac to r s  suggested by Aries and Newton (31 ,  SC poly 
manufacturing cos t  elements can be derived, and are 
shown i n  Table 2. Also s h m  i n  Table 2 a r e  the de ta i l ed  
estimates of SG poly mnaufacturing c o s t  elements prepared 
by Carl Yaws of Lamar universi ty  ( 4 )  as p a r t  of the  
Si l icon  Material Task. These de ta i l ed  estimates va l ida te  
the  estimating fac to r s  presented i n  ( 3) . 
2.4 Manufacturing Cost Element Analysis 
The Aries and Newton manufacturing cos t  estimate 
analys is  bases c o s t  elements on 4 independent variables:  
(1) Raw Materials 
(2 Operating Labor Cost 
( 3 )  u t i l i t y  C o s t  
( 4 )  Capital  Cost 
I f  we symbolize these various quan t i t i e s  a s  follows: 
M = manufacturing c o s t  
RM = r a w  material cos t  
L = operating labor  cos t  
U = u t i l i t y  cos t  
K = c a p i t a l  cos t  (ir mil l ions of do l l a r s )  
R = production r a t e  ( i n  mil l ions of kg/yr) 
then 
K/R = Capital  cos t  expressed a s  d o l l a r s  per kg 
of annual production. 
A l l  o the r  cos t  elements of M a r e  a function of these in- 
dependent var iables .  
From Table 2 w e  can see  t h a t  manufacturing cos t  can be ex- 
pressed a s  
i f  roya l t i e s  are ignored. 
Cost estimates presented i n  Table 2 w e r e  developed a8 
follows with t h e  a i d  of equation (5):  
o M = $27.60, from Table 1 
0 U = 500 KWH/kg based on TI r ad ia t ion  losse8 
i n  t h e  "C" reactor and t h e  known thermo- 
dynamics o f  SiHCl3 synthes is  and 
d i s t i l l a t i o n .  
o L = 52 operators;  chemical engineering experience 
o RM = based on 98% synthes is  y i e ld ,  50% d i s t i l l a t i o n  
y ie ld ,  and 55% hydrogen reduction y i e l d  where 
y i e l d s  include recycle  recovery, and MG SP a t  
$.6/kg, Cl2 a t  $.1375/kg, and H2 a t  $2.00/kg. 
2.5 Process Cost Element Objectives 
- - - - - - - - - 
Ut i l i z ing  t h e  va l ida ted  equation (5) ,  same guidel ines  
for a process which would meet S i l i con  Mater ia l  Task 
objec t ives  could next be drawn. 
o The e x i s t i n g  labor  force  of  52 opera tors  f o r  
500,000 kg/year production can, with  automation and 
continuous operat ion reasonably be expected t o  be 
halved while doubling production. Thus, 
L = $4.60/4 = $1.15/kg and 2.33 L = $2.68/Jcg 
o The u t i l i t i e s  c o s t  must be reduced from $3.50/kg to  
about $l/kg by el iminat ion of  t h e  "Cm reactor i n  t h e  
reduction s tage.  
o A c a p i t a l c o s t o f $ 2 0 , 0 0 0 , 0 0 0  for1 ,000 ,000kg/year  
production would add $4.20/kg t o  manufacturing c o s t s  
(0.2025 K/R) s o  t h a t  $15,000,000 c a p i t a l  invested 
maximum, o r  $3.04/kg i n  c a p i t a l  r e l a t e d  costs is a 
necessary object ive.  
o In  a closed-loop process with 100% y i e l d  and total 
recycle ,  raw mater ia l  c o s t s  are a minimum a t  $0.6/kg. 
Se t t ing  manufacturing c o s t  a t  $8/kg and u t i l i z i n g  t h e  
guidel ines  j u s t  suggested, t h e  p l an t  meeting S i l i con  
Material Task objec t ives  can be defined with  t h e  a i d  of 
equation (5 )  as: $/kg 
L = $ 1.15 L = $2.68 
U = $ 1.00 u = $ 1.00 
CAPITAL = $15,000.000 0.21K/R = $ 3.04 
RATE = 1,000,00 kg/yr 
R .M. = $ 1.17/kg R/M = $ 1.28 
M = = $ 8.00 
Detailed c o s t  elements a r e  presented i n  Table 3. 
-10- 
TABLE 3 
REPRESENTATIVE MANUFACTURING COST ELEMENTS 
TO MEET PRODUCTION COST GOALS 
C a p i t a l  C o s t  = $ 1 5  mil l ion 
D i r e c t  C o s t s  
Raw Material 
L a b o r  
Supervision 
U t i l i t i e s  
Maintenance 
P l a n t  Supplies 
Indirect C o s t s  
P a y r o l l  O v e r h e a d  
L a b o r a t o r y  
P l a n t  O v e r h e a d  
TOTAL DIRECT COSTS 5.01 
TOTAL INDIRECT COSTS 1.24 
F i x e d  C o s t s  
Depreciation 
T a x e s  
Insurance 
TOTAL FIXED COSTS 1.75 
TOTAL MANUFACTURING COSTS 8.00/kg 
2.6 Proposed SCG Polycrystal l ine Si l icon  CFR Process 
~ 
A high veloci ty ,  continuous- f low reactor  (CFR) process 
f o r  the  hydrogen reduction of bromosilanes, u t i l i z i n g  
separately preheated and in jec ted  s i l i c o n  p a r t i c l e s  a s  
deposit ion subs t ra tes ,  was proposed by the  J. C. 
Schumacher Company t o  meet Si l icon  Maierial Task 
cost objectives.  This concept w a s  developed i n  the  
following way. 
The hydrogen reduction of SiBr o r  SiHBr has a negative 
Gibbs Free Energy a t  roughly 9 d OOC - 105a°C (see below). 
Economic production of s o l a r  c e l l  grade s i l i c o n  with 
t h i s  system is, therefore,  a matter of nucleation and growth -. 
kinet ics .  Bertrand and Olsen recognized t h i s  point i n  - 
t h e i r  patent  (5) covering processes f o r  reduction of  
halosi lanes i n  f l u i d  bed reactors .  In  t h i s  reference, 
the  authors present  numerous examples including SiBrq-Ha 
system data  suggesting favorable k ine t ics .  They go on, 
however, t o  point  out  t h a t  t h e  f l u i d  bed need not  be -., 
s t a t i c ,  but  can be conveyed through a long tubular  reactor . I  
a t  high ve loc i t i e s  t o  e f f e c t  t h e  desired resu l t .  N o  da ta  
on t h i s  p a r t i c u l a r  approach are presented, b u t  it is 
in te res t ing  t o  speculate  t h a t  the  concept w a s  derived 
from e a r l i e r  work performed by Olsen on Ti02 formation 
i n  a "burner type" reac tor  (6)  . 
Reactant temperature, subs t ra t e  p a r t i c l e  s i z e  and l i n e a r  
ve loc i ty  of  reac tants  a r e  the  var iables  t o  be adjusted to 
optimize the  economics of s i l i c o n  production i n  t h i s  
manner. Candiate design concepts f o r  the reac tor  could 
be drawn from the Ti02 production experience re f l ec ted  in 
( 7 )  +:~iough (10) .  Reference (11) describes a f l u i d  bed 
reac tor  design f o r  T i 0  production which d id  not  achieve 
commercialization, whi f e (12) c i t e s  t h e  benef ic ia l  e f f e c t  
of very high gas ve loc i t i e s  i n  CVD reactors .  
Thermodynamic and k i n e t i c  da ta  avai lab le  i n  the literature 
and elsewhere bearing on the  proposed CFR hydrogen reduction 
of bromsi lanes  were as follows: 
:t..srmodynamic property estimates f o r  the  Si-H-Br system 
by Hunt and Sirt.1 (13) and Miller and Grieco (14 )  in- 
dicated t h a t  t h e  temperatures a t  which hydrogen reduction 
react ions developed a negative f r e e  energy were 1 5 0 ~ ~  t o  
2 0 0 ~ ~  lower f o r  bromsi lanes  than f o r  analogous chlorosilanes.  
Speci f icz l ly ,  Ref. 
b i B r 4  + 2H2+ S i  + 4HBr A G = O@T = 1432% (+ 
* see Appendix 
Additional u t i l i t i e s  c o s t  reductions would r e s u l t  from 
t h e  proposed SiBrl and SiHBr3 lw temperature synthes is  
processes described i n  (15) . 
2.6.2 Kinetics 
H m t  and S i r t l  (13) r epor t  the  q u a l i t a t i v e  observation 
t h a t  bromosilane hydrogen reduction proceeded a t  about 
1.5 times the  rate of the  analogous chlorosi lane.  In  
addi t ion,  s i l i c o n  tetrabromide synthes is  c a r r i e d  o u t  by 
t h e  J. C. Schumacher Company according t o  equation (9) in 
company sponsored research programs aimed a t  CVD source material 
product de elopment showed g r e a t e r  than 90% y i e l d  a t  1 Y ki lof i r - in  and residence times of  .1 t o  .4 seconds in a 
stat ic uncatalyzed bed. Thus, an i d e n t i c a l  process t o  t h a t  
present ly  used f o r  SG poly production, employing bromo- 
i l a n e s  ins tead  of chlorosi lane,  because of  improved reac t ion  
rates, would requi re  2/3 o r  less c a p i t a l  contr ibut ion,  i f  
Hunt and S i r t l ' s  observations proved cor rec t .  
2.6.3 Physical  Proper t ies  
It is w e l l  known from the work o f  Sangster (16) t h a t  
the  bromosilane system presents  more advantageous par- 
t i t i o n  c o e f f i c i e n t s  f o r  p u r i f i c a t i o n  across  t h e  l iqu id-  
vapor phase boundary, &an t h e  ch loros i lane  system. This 
has a l s o  been es tab l i shed  i n  J. C. Schumacher Company 
sponsored research where 1/3 less t h e o r e t i c a l  p l a t e s  are 
required to achieve equal product p u r i t i e s  i n  bromine 
compounds of  boron, phosphorus, and s i l i c o n  than t h e  
corresponding ch ior ine  analogs. This f a c t o r  a l s o  would 
be expected t o  s i g n i f i c a n t l y  reduce c a p i t a l  cont r ibu t ions  
manufacturing cos t .  
I n  sumnary then, the process proposed f o r  inves t iga t ion  
by t h e  J.C. Schumacher Company under JPL Contract  No. 
954914 was based on: 
(1) U s e  of  SiBr4 o r  SiHBr3 r a t h e r  than 
creased raw mater ia l  acquis i t ion  
$0.1375/kg vs. B r 2  = $0.55/kg) would be o f f s e t  
by complete recycle  t o  hold n e t  raw mater ia l  c o s t  
i n  t h e  range of $1.50 t o  $2.00/kg product. 
( 2 )  Synthesis and pur i f i ca t ion  of t h e  bromosilane 
chosen i n  a manner similar t o  t h a t  used i n  t h e  
Siemens process although a t  a reduced c a p i t a l  c o s t  
contr ibut ion (from $8.10/kg t o  $3.15 ove ra l l )  
based on an t ic ipa ted  improvements i n  y i e l d  , r a t e  
and p a r t i t i o n  coe f f i c i en t s  i n  these  operations.  
(3 )  Replacement of  t h e  SiHC13 "C" reac tor  hydrogen 
reduction process s tage  with the  CFR hydrogen 
reduction of bromosilane, t o  complete the c a p i t a l  
and operating cos t  reductions. The proposed CgR 
was based on ex i s t ing  T i 0 2  process equipment i n  
which SiHBr3 o r  SiBr4 and H2 would be separately 
preheated and then introduced i n t o  a long horizontal  
tube reac tor  where they were mixed with hot  s i l i c o n  
p a r t i c l e s  introduced t o  both act a s  a S i  growth 
subs t ra te  and t o  scour the  reac tor  wal ls  of product 
deposited there.  The reac tor  was proposed t o  be a 
high-velocity continuous- flow reac tor  with t o t a l  
by-product separation and recycle. 
Inasmuch as only qua l i t a t ive  k ine t i c  da ta  were avai lab le  
concerning hydrogen reduction of bromosilanes, the 
process development program w a s  proposed i n  several  
phases, w i t h  review and decision a t  the  conclusion of each 
phase. The i n i t i a l  program phase proposed t o  inves t iga te  
preliminary f e a s i b i l i t y  of the approach by determining 
the  CFR overa l l  y ie ld  da ta  of hydrogen reduction of 
S i B r 4  and S i H B r 3  i n  t h e  CFR. 
3.0 INITIAL EXPERIMENTS 
3.1 General 
As mentioned previously, the continuous flow reactor - 
(CFR) proposed for hydrogen reduction of bromosilanes 
was based on an analogous process utilized for commercial 
production of Ti02 ( 6 ) .  This process involves separate 
preheating of reactants to a temperature where the de- 
sired reaction free energy is negative, followed by 
reactant stream mixing and seeding with nucleation and 
deposition substrate particles. The experimental pro- 
gram designed for preliminary evaluation of feasibility 
of the proposed CFR process consisted of: 
o Obtain data on the yields of the reactions 
involved. 
o Determine the distribution of silicon product 
in its various forms: (1) deposit on seed 
particles; (2) deposit on reactor wails; and 
- (3) fine particles. 
o Investigate the effect of the pertinent reaction 
parameters, such as temperature, residence time, 
stoichiometry, gas stream velocity, and rates of 
heating and cooling, on the yields of the various 
products and their forms, with the goal of maxi- 
mizing deposition of silicon on the seed particles, 
and minimizing formation of undesirable fines. Both 
the inlet and outlet compositions are to be deter 
mined as functions of time. The axial temperature 
profile in the reactor is to be measured. 
o Obtain mass and energy balances with sufficient 
accuracy to allow evaluation of the process. 
o Conduct a series of approximately three demon- 
stration runs to demonstrate the process. 
o The silicon product produced in the demonstration 
runs, packaged separately by run, shall be 
supplied to JPL. Silicon products from other 
experiments performed in the course of the 
Contract shall be supplied to JPL upon request 
by JPL. 
An experimental apparatus (described below) was, 
therefore, designed and constructed based on the 
teachings of (6) through (11). Preheating studies 
in this apparatus were then carried out to establish 
attainment of the required temperature (llOO°C), and ' 
experiments initiated to determine rate and yield of 
hydrogen reduction of SiBr4 in the CFR. Table 4 
presents SiBrq and SiHBr3 physical property data. 
Preheating studies established thermal stability of 
SiBr4 to llOO°C and the design of a 4-paas quartz heat 
exchanger which allowed attainment of an llOO°C H2 
temperature. Little (2.3% per pass) reduction of 
SiBrq to Si was obtained because of short reactor 
residence times at temperatures greater than that at 
which negative reaction free energy occurs. These 
experiments are described below under Cocurrent CFR 
Studies. 
Theoretical studies were then initiated to establish 
residence times required for meaningful particle 
growth, which showed times of the order 0.1 to 0.3 
second to be necessary. Those calculations are 
sunnnarized below under Kinetic Analysis. 
It was determined that the residence times required 
for meaningful particle growth could be obtained either 
in a countercurrent CFR or in a fluidized bed reactor. 
Both were designed and constructed but the counter- 
current CFR reactor presented experimental difficulties 
while the fluidized bed showed exciting promise for 
meeting program objectives. Efforts were thereafter 
concentrated on the fluidized bed reactor approach. 
The Countercurrent CFR Studies are briefly discussed 
below while the Fluidized Bed Studies results and 
projections are the subject of Sections 4.0 and 5.0. 
3.2 Cocurrent CFR Studies 
Figure 1 presents a schematic layout of :;re experimental 
apparatus. Preheaters consisted of 4 passes of lOmm O.D. 
quartz tubing which were maintained in temperature 
ambients up to 1350°C by a Lindberg diffusion furnace. 
The reactor itself was constructed of 25mm O.D. quartz 
tubing, while the cyclone separator and auxiliary con- 
densers were Pyrex. SiBr4 was used as the silicon source 
material. 
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TABLE 4 
PROPERTIES OF TRIBROMOSILANE 
AND TETRABROMOSILANE 
A. - TRIBROMOSILANE: 
Mole Weight: 269 grams (rounded) 
Boiling Point: 109-lll°C 
Freezing Point: -73OC 
Density : 2.7 g/ml 
It is a colorless corrosive liquid which spontaneously 
ignites in air, burining with an orange-white flame; it 
reacts with moistoure producing HBr and hydrated silica. 
It is very corrosive toward stainless steel grades 
304, 316, and 321. Has a pronounced tendency to cause 
standard taper and ball and socket ground joints to 
freeze. Reacts with most rubber, silastic, and 
plastic materials. Teflon appears to be stable towards 
it, but it is not known if teflon contaminates it. 
Fires can readily be extinguished with H 0 or by 
blanketing a spill with an inert gas suca as N2 or A r .  
B. TETRABROMOSILANE: 
- 
Mole Weight: 348 grams (rounded) 
Boiling Point: 154 OC 
Freezing Point: 
Density: 2.8 g/ml 
It is a colorless liquid, which often has an orange 
hue due to the presence of free bromine, which hydro- 
lizes in moist air to HBr and hydrated silica. It is 
very corrosive to stailess steel grades 304, 316, and 
321. It. reacts with most rubber, silastic, and plastic 
materials. It has pronounced tendecy to freeze ground 
joints similar to tribromosilane cited above. Teflon 
appears to be stable towards it. 
Experimental resuits are presented in Table 5. 
Initial runs, L1 through L5, showed the original nozzle 
type mizer design to produce excessive adiabatic ex- 
pansicn cooling of reactant streams. A 'tee" type 
mizer was employed thereafter. 
Runs 116 through L10 showed, as can be seen in Table 5, . 
a finr.ly divided brown reactor wall coating which wa 
tentativley identified as amorphous silicon from its 
reaction with kIF-HNO etch. A white powder tentatively 
identified by color 2nd melting point as Si Br was 
isolated in the collection traps, along wits large 
volumes of HBr. The quantity of HBr could not be 
accounted for by assuming it origi~ated in formation of 
Si product obtained. 
Preheated silicon particles were first introduced into 
the CFR in runs W1 through W3. Insignificant particle 
growth was observed, along with the same amorphous Si 
and Si2Br6 found previously, although the quantity of 
the latter was reduced. Little reacJ.ion of SiBr was 
noted, and it was concluded that insufficieut heat was 
being carried to the reactor by the reactant streams. 
In runs W 4  to WG, the reactor and mixer were, therefore, 
moved to within the furnace hot zone to create a hot 
wall reactor. No Si deposition substrate particles 
were employed. Polycrystalline silicon was uniformly 
deposited along the complete length of the reactor, 
while the reactant SiBr4 was also partially converted 
to lower homologs and demonstrated by the density of 
collected silicon-bearing liquids of 2.6 gm/cc (compared 
to an SiBrq density of 2.8) and the spontaneous 
ignition in air of the higher boiling fractions of 
these liquids. (SiHBr3 is known to spontaneously ignite 
in air. 1 
Runs W7 and W10 repeated the conditions of the previous 
experimental set, except that silicon particle deposition 
substrates were injected in the hydrogen stream to the 
hot wall reactor. Approximately 2-3% weight gain of the 
medn injected particles was observed while the particle 
diameter increased 4 microns form 66 to 70. Additionally, 
the mean mass diameter of the injected particles was 
shifted from 297 to 370 inicrons. The mean mass diameter 
is defined as the particle diameter below which SO% of 
the total mass occurs. Wall deposition and part!.al 
SiBr4 reduction to lower homologs was again noted. 
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It was, therefore, concluded that the hydrogen reduction 
of SiBr4 at about 102S°C to 1050°C, and deposition of the 
product silicon on separately preheated and injected silicon 
particle deposition substrates, would be feasitle if 
residence times at this temperature could be increased. 
A theoretical analysis was undertaken to establish resi- 
dence time requirement gujaelines. 
3.3 Kinetic Analvsis 
The intent of the calculations summarized here was to 
establish the order of magnitude of the residence times 
required in the CFR at reaction temperatures to obtain 
meaningful particle growth. Professor William A. Tiller 
Of Stanford University, Materials Science Department, 
performed :le calculations. 
The model system considered was as follows: 
Ti = inlet gas temp. ro = original particle radius 
Ug = gas velocity Up = particle velocity 
It --3s desired to calculate the one-dimensional growth 
rate f for silicon particles of initial radius ro in a 
SiBr4 + H2 gaseous environment at Ti inlet gas temperature, 
accounting for particle heat loss due to silicon deposition 
from the gas stream and due to convection, while ignoring 
wall effects. f was considered to be a function of ini- 
tial particle radius ro, particle-gas differential velo- 
city U- = Ug - U , inlet gas temperature Ti, particle- 
inlet gas tempera!ure differential ATip, and the Br/H 
ratio. Thus, 
Matter transport could then be modeled by boundary layer 
analysis techniques detailed by Levich (17). 
where 
fL = Silicon solid at mic volume 
N- i = Concentration ~f ith species at the outer 
boundary layers 
Di = Diffusion coefficient ith species in the 
boundary layer. 
Heat transport could similarly be expressed, with the 
assumption that thermal diffusion precludes thermal 
gradients within an individual particlefas 
~ + ( d )  = 3 AH^) = Particle heat loss rate 
Cp ro due to deposition (12) 
where A H d  = Heat of deposition/unit volume 
and 
A'~'(c) = 3K* ATiD = Particle heat loss rate 
-
Cp r6t due to convection 
where K*'= Thermal conductivity of gaseous species 
6t = Thermal boundary layer thickness 
Thermodynamic contributions for the deposition and etching 
reactions 
SiBr4 + 2H2 - Si + 4HBr ( Deposit ion) 
Si + HBr-SiHBr3, SiHzBr2, SiH3Br (Etching) 
can, if interface equilibrium is assumecl, be expressed 
for the jth species is 
with G~~~ available from Hunt and Sirtl (13). 
Diffusion coefficients can be calculated from gas dynamics 
where 
vlhere j = mean free path 
Vj = average particle velocity 
and finally 
Utilizing this model, it was then possible to calculate 
= 2T°C/sec at ; = 1 micron/sec and 
ro = 100 microns 
= 4 n ~ i ~ O C / s e c  at ro = 100 microns 
so that the following conclusions could be drawn 
( 2 )  Any temperature differential between the 
gas stream and particle would disappear 
in 0.25 second maximum. 
From these results, it was clear that multiple passes 
of particles through the reactant gas stream would be 
required to achieve meaningful particle weight increases. 
It was, therefore, decided to attempt to verify the 
theoretical conclusions in a countercurrent CFR and a 
fluidized bed reactor. 
3.4 Countercurrent CFR Studies 
Figure 2 presents a layout of the countercurrent CFR 
designed and constructed for verification of theoretical 
growth rates. 
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FIGURE 2. COUNTERCURRENT EACTOR DESIGNED AND COtlSTRUCTED FOR 
VERIFICATION OF THEORETICAL GROWTH RATES. c. 
Experiments with this reactor were terminated after two 
runs. In the first, no conclusive results were obtained. 
In the second, feed particles were HBr etched in-situ 
prior to injection into the reactor with the result that 
they sintered into a solid mass. At this point, exciting 
results desc~ibed below had been obtained with the fluid 
bed reactor and CFR studies were terminated. 
4.0 FLUIDIZED BED REACTOR EXPERIMENTAL INVESTIGATIONS 
4.1 General 
The inability to produce significant amounts of silicon 
product in the previously described laboratory reactor 
configurations led to a series of experiments utilizing 
silicon seed particles in a fluidized bed reactor. Pre- 
vious experiments demonstrated the production of silicon 
by the hydrogen reduction of tetrabromosilane; however, 
only slight changes in the total mass of the seed particles 
were obtained. Analysis of the reactor geometry, thermal 
profile, and reactant feed rates led to the fallowing 
suppositions: 
(1) The seed particle density in the reaction 
zone was too low. 
(2) The residence time of reactants was too brief. 
The fluidized bed reactor provided a convenient means 
of substantially increasing both the seed particle 
density and the residence time. 
Initial fluid bed experiments used tetrabromosilane 
as the silicon precursor. These experiments yielded 
the unexpected results of a net loss of material from 
the silicon bed and the presence of a substantial 
amount of tribromosilane in the reactor effluent. 
Subsequent experiments focused on tke use of tribromo- 
silane as the source for silicon. These later experi- 
ments yielded very promising results, both with and 
without the use of hydrogen as a reducing agent. The 
net results of the fluidized bed reactor experiments 
suggest the possibility of two separate and economically 
viable closed-loop processes for the commercial pro- 
duction of Solar Grade Silicon. 
4 
The Fluidized Bed Reactor 
The countercurrent reactor (CCR), illustrated in Figure 2 ,  
was modified to serve as the fluidized bed reactor. 
The reactor, its various feed points and gas distri- 
butor configurations are illustrated in Figure 3. The 
fluidized bed reactor type was chosen as a device through 
which overall yield data could be o b t a i ~ l e d  for tile 
SiBrq 
or I H2 Q u a r t z  i n l e t  SiHBr3 Wool 
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SLOTTED TUBE GAS DIFFUSER WITH 
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DECOMPOSITION EXPERIMENTS WITH SiBrq  
AND SiHBr3 
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following silicon yielding reactiorls: 
S i r  - S + 3SiBrq + 2H2 ( 2 )  
A detailed investigation and anaylsis of the operating 
and design parameters for fluidized bed reactors was 
not within the scope of this contract; however, certain 
well known operating parameters were used to characterize 
the experimental results. These i-~clude: 
(a) CA concentration of gas A, ginol/cm3 
(b) dp particle diameter, cm 
(c) dt reactor diameter, cm 
(dl h static height of bed, cm 
(el Lf heicht of bubbling fluidized bed, cm 
(f) Uo superficial fluid velocity through 
reactor, cm/s 
(g) 7 average residence time of reactive species 
in fluidized bed based on superficial fluid 
velocity, s 
(h) Tr average temperature of fluidized bed, OC 
The reactor, bed, and particle dimensions were directly 
measured prior to each experimental test. The reactant 
concentration, superficial velocity, and average 
residence times were calculated on the basis of the 
flow, pressure, and temperature measurements made 
during the experiment. Example calculations follow: 
Concentration of reactant A in feed, CA 
Data Required 
5 = System pressure = 770 mm Hg 
Ts = reactant source temperature = 33S°K 
PA* = vapor pressure of reactant A at Ts = 150 mm Hg 
Application of the ideal gas law gives, 
Superficial fluid velocity through reactor, Uo 
Data Required 
dt = reactor diameter = 3.0 cm 
Lf = height of bubbling bed = 12.5 cm 
Tr = average temperature of fluid bed = 1075OK 
Ta = ambient temperature = 298OK 
, " 
%'& , (/ ) . I .  ' I ,  , .  ~ 
=a = gas feed rate tu reactor measured at 
ambient temperature = 30cm3/s 
Ps = system pressure = 770 mm Hg 
Pa = atmospheric pressure 
I . .  ..._,I ... , , 
."u-.* - *-.2! . . . , -x ,-  1 '  + 
Application of the  i d e a l  gas law c o r r e c t s  G, to 
condi t ions  of temperature and pressure  preva i l ing  
wi thin  rhe reac tor .  
( T r )  (Pa) 
Gcorrected ' (Ta) -( P s )  
The s u p e r f i c i a l  f l u i d  ve loc i ty  i s  computed as  shown: 
Uo = %orrected 
- 107 cm3/s 
dt2 'if 9 ' -  2 2 4 4 ~ 3 c m  
4 Average res idence time - , I 
Data Required 
4, = r eac to r  volume = ~ ~ , t ~ i d ~ 2  .,3 
4 
4.3 Hydrogen Reduction of SiBrd in a Fluidized Bed Reactor 
A series of experiments was conducted in a fluidized 
bed reactor to study the rate of producticn of silicon 
and the influence of such variables as reactor tempera- 
ture, reactor feed rates, residence times, and the 
ratio of hydrogen to tetrabromosilane. The experimental 
apparatus is shown in Figure 4. 
The hydrogen reduction of SiBr4 to elemental silicon 
and hydrogen bromide at elevated temperature has been 
shown to be thermodynamically favorable for the 
reaction as written below at temperatures in excess of 
1432OC [Equation (6) 1 .* 
Since G = -RT In K, where K is the equilibrium constant 
for the reaction, it is clear that K must be greater than 
unity whenever G is negative. This condition implies 
a high equilibrium yield for the reaction as written 
in equation (6) at sufficiently high reactor temperatures. 
The results of the experiments are presented in 
Table 6. Generally, the results show that for the 
temperature range under study, silicon will be etched 
from the bed when the ratio of hydrogen to tetrabromo- 
silane is not maintained above about 7 to 1. A 
substansial quantity of tribromosilane was collected in 
the low-temperature condensers downstream from the reactor 
outlet. In additions, HBr was isolated and identified by 
its boiling point. A slight amount of wall deposition 
tras noted within the reactor; however, when compared 
with the amount of silicon etched from the fluidized bed, 
the deposits were materially insignificant. These 
observations and the detailed results presented in 
Table 6 lead to the conclusion that the following partial 
reduction reaction was occurring. 
The free energy change for this reaction can be 
calculated by previuosly illustrated methods. This 
shows that G = -8.18 Kcal/mol at 25OC, and, therefore, 
is thermodynamically favorable. The results of these 
hydrogen reduction expericents, presented in Table 6, 
enable one to infer that, reaction (1) proceeds more readily 
than reaction (6), since under the same experimental 
conditions there was a net loss of elemental 
silicon in two of three tests. 
*see Appendix 
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4 . 4  L=composition of SiHBr3 in a t'luidized Bed Reactor 
-- 
4 . 4 .  L General 
The goal of these experiments was to dcternjine the 
rate of silicon production end the influence of such 
variables as reactor temperature, feed rate of 
reactants, residence time, and the .atios of hjdrogen 
to tribromosiiane. The anticipated reduction reaction, 
was expected to be thermodynamically favorable at 
elevated temperature, since 
The fact that this reaction was found to proceed at 
lower temperatures suggects possible errors in the 
thermodynamic data available in the literature (13!,(14)? 
The initial fluidized bed experiment utilizing tribromo- 
silane as the silicon precursor was conducted in the 
same experimental apparatus as used For the work with 
tetrabromosilage (Figure 4). 
The results of tk,e initial experiment indicated a high 
degree of decomposition even without the presence 
of hydrogen. This result lead to a series of thermal 
stability tests and subsequently tc a series of 
fluidized bed thermal decomposition and hydrogen 
reduction experiments. 
4.4.2 Thermal Stability of Tribromosilane 
The initial fluidized bed experiment was Yerminated. 
prematurely uue to s rupture in the tribromosilane 
preheater. The ruptured heater line was found to have 
heavy wall deposits in the l ~ w  temperature regions at 
both the inlet and exit. This unexpected result. pre- 
cipitated a thermal stability study before additio~al 
fluid bed experiments were undertaken. The study was 
undertaken to determine in what temperature realnis 
significant decomposition occurs and to determine the 
influence of the presence of hydrogen. An ex~erimental 
decomposition chamber having five independently con- 
trclled temperature regions was constructed. This 
appsratus is depicted in Figure 5 . For experiments 
without hydrogen, the tribrornosilane was metered 
as liquid to the flash vaporizer. When hydrogen was 
*see Appendix 
Vent 
FIGURE 5 
THERMAL DECOMPOSITION TEST CHAMBER 
AND APPARATUS USED IN THE THERMAL 
STABILITY INVESTIGATIONS OF 
TRIBROMOSILANE. 
SiHBrg 
Inlet 
used, it was bubbled through a thermostated flask of 
tribromosilane. The flask temperature was regulated 
to give the desired molar ratio of hydrogen. The 
results are given in Tab1.e 7. The most significant 
observations are that occurred. 
(a) Without hydrogen, silicon is deposited at 
a substantial rate in the temperature 
range of 550°C - 900°C 
(b) Without hydrogen, silicon is not de- 
posited at tenperatures above 900°C 
(c) Hydrogen resulted in an upward shift in 
the temperature at which deposits of 
silicon occurred. 
(dl No silicon base polymer was detected 
4.4.3. Fluidized Bed Reactor Experiments 
Following the thermal stability experiments, the 
fluidized bed reactor was modified by eliminating 
the feed preheaters and a series of experiments 
was undertaken to exploit the relatively low 
temperature thermal decomposition of tribromosilane. 
A schematic diagram showing the revised experimental 
apparatus is given in Figure 6. 
Thermodynamically, the decomposition reaction 
can be shown to be favorable. That is, 
The initial series of experiments, numbers 001 
through 009, was conducted with the following goals: 
(a) Determine the quantitive yield of silicon 
as a function of residence time. 
(b) Determine the influence of residence time 
and feed rate of tribromosilane on silicon 
yield. 
*see Appendix 
TABLE 7 
RESULTS OF THERMAL DECOMPOSITION 
STUD1 ES OF TRlBROMOS ILANE 
I 
I Temp. KO 
700-800 
* 
940-1000 
10 75-1100 
132 5 
10 75 
Up to 1175 
1175-1275 
Above 1275 
Ratio 
H2:SiHBr3 
N/A 
N/A 
N/A 
N/A 
N/A 
22 
22 
22 
Observations and Results 
Very slight deposits having 
appearance of metallic foil. 
Opaque, black silicon deposit 
Heavy, opaque, black silicon deposits 
No silicon deposit 
- 
Isothermal experiment. Heavy, black 
deposits at boundary to hot zone. 
Slight translucent metallic foil like 
deposit throughout hot zone. 
No silicon deposit 
Very heavy deposit. About 1 mm thick 
No silicon deposit 

The experimental.method consisted of feeding a measured 
quantity of tribromosilane per unit of time into a 
fluidized bed having a known mass of silicon substrate 
particles. The condensible effluent gasses were 
collected. The carrier gas and non-condensible 
effluents were vented. The silicon yield was 
determined gravimetrically by measuring the change in 
the silicon bed and relating it to the theoretical 
yield indicated by equation (24). 
A sample yield calculation is illustrated for experiment 
006. 
g Si x 100% (24) 
% Y =  G. I:: ) (405 min x 6 mo1 (28gSi) ( 2 5 )  
+850) ( min O ) 4+3-) 22 0 cm (g mol) 
A second series of experiments, numbers 010 through 
019, was conducted ~ i t h  yield determinations being 
made by chromatographic analysis of the reactor 
effluent. That is, a reactor effluent found to 
contrain 25% tribromosilane was interpreted to imply 
a 75% decomposition and hence a yield equivalent to 75% 
of the theoretical. 
This correlation of reactor effluent composition to 
the gravimetric yield of silicon for a particular set 
of reaction parameters was demonstrated to be correct 
in Experiment 020. The results of this experiment 
show a deviation of about 4% between yield data deter- 
mined by the two methods, the high value being deter- 
mined by chromatography. A sample chromatogram is 
given in Figure 7, and the summary of the experimental 
data and results for Experiments 001 through 020 are 
given in Table 8. 
4.4.4. SiHBr3 Thermal 3ecomposition Product Silicon Appearance 
and Size Analysis 
Silicon, charged to and removed from the fluidized bed 
reactor, was analyzed by ASTM standard sieves to deter- 
mine the average changes in particle size and changes 
in particle size distribution. The results of a typical 
sieve analysis is shown graphically in Figure 8. Be- 
cause of the small particle size, generally less than 
3 5 0 ~  diameter, unaided visual inspection is inadequate. 
Photomicrographs of product silicon at several mangifi- 
cations show that the angularity of the product is main- 
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TABLE 8 
RESULTS OF THERMAL DECOMPOSEL'ION EXPERIMENTS OF TRIBROMOSILANE IN! 
001  1 9  Ju ly  1978  3.0 35.0 750 57.2 6.5 9.0 , 
I. D. DATE REACTOR DATA CARRIER GAS SiHBrq Uo 
. . i 
002 20 J u l y  3.0 35.0 825 61.4 9.8 10.2  i 
003 24 J u l y  3.0 26.0 775 58.6 4.6 9.0 ; 
br (1) 
cm 3/s  
t 004 26 J u l y  3.0 26.0 725 55 .8 8.9 9.2 1 
G ~ ( l J  
005 27  J u l y  3.0 26.0 800 90.0 18.5  15.5  
; i 
006 3 1  J u l y  3.0 25.0 850 62.8 6.9 10.0  ' 
, . 
007 02 August  3.0 21.0 900 65.6 5.8 10.2 : 
008 0 3  August  3.0 13.0 750 85.8 22 .O 15.4 
L f dr 
009 04 August  3.0 13.0  750 42.9 52.1 13.6 
4 s  1 
Tr 
010 2 1  S e p t .  3.0 5.4 550 91.1  33.9 17.5  
3/s cm 
011  2 1  S e p t .  3.0 5.4 632 101.2 37.3 19 .1  
cm 
012 23 S e p t .  3.0 5.4 650 103.2 38 .O 19 .6  
013 23 S e p t .  3.0 5.4 710 109.9 40.5 20.7 
C14 23 S e p t .  3.0 5.4 752 114.7 42.2 21.7 
015 23  S e p t .  3.0 5.4 800 120.0 44.2 22.7 
016 23  S e p t .  3.0 5.4 854 126 .1  46.4 23.9 
017 23 S e p t .  3.0 5.4 945 136.2 50 .1  26. @ 
018 26 S e p t .  3.0 5.4 675 106.0 39.0 20.1 
019 26 S e p t .  3.0 5.4 700 108.8 40.1 20.7 
020 24 Oct .  3.0 15.0 805 72.4 18.5  12.9 
NOTES : (1) Gc and  Gr are c a l c u l a t e d  on  t h e  basis of T ~ .  
( 2 )  Determined c h r o m a t o g r a p h i c a l l y .  
TABLE 8 
t 
:MENTb OF TRIBROMOSILANE IN A FLUIDIZED BED REACTOR 
.d 
I 
'&ER GAS SiHBr 3 
- r 
Uo Y U i w  RUN TIWE 
G r  (1) 
- 9' 
>=/s cm 3/s cm/s s 9, Si Min. 
1 
.8 40.1 20.7 .26 N/A N/A 41.6 (2) 
* .4 18.5 12.9 1.16 25.34 420 80.5 
basis of Tr. 84.7 (2) 
L 
Initial Silkon 
. .-
. -
> 
730 30-60 60-80 (80 
ASTM SIEVE SIZE 
FIGURE 8. ~ypical sieve sizing analysis showing shift 
toward larger silicon particles and change 
in distribution of particles. Results shown 
are for tribromosilane thermal decomposition 
in the fluidized bed reactor. 
*uo?qtsodap JO 
ssauasuap SMO~S x 0002 qe A~TA stqa 
'6 aznbrd uy payleu Pale go M~JA -0~ aznb?~ 
Figure 11. 5000 x view of same silicon product 
as shown in Figures 9 and 10. No 
porosity or voids are e v i d e n t .  
tained through the processing and that the silicon 
deposited has a dense, nodular appearance. Figures 
9, 10 and 11 illustrate these observations. 
4.5. Hydrogen Reduction of Tribromosilane in a Fluidized 
Bed Reactor 
Two experiments utilizing hydrogen as a reducing agent 
were conducted in the fluidized bed reactor apparatus 
illustrated in Figure 6. These experiments were 
designed to capitalize on the more favorable yields 
of silicon as indicated by Equation (4), e.g., 
in comparison to t5e thermal decomposition yield 
[Equation (2) 1 . In the latter case, for each four 
moles of silicon input to the reactor, a maximum of 
one mole of silicon can be deposited as product, 
whereas the hydrogen reduction reaction has a mole 
for mole corrspondenc~. 
The results of these experiments showed silicon 
yields of 35% and 60% of theoretical at the 
temperatures investigated. In these experiments, 
the silicon yield was determined gravimetrically. 
The condensible effluents were found to contain 
substantial amounts of non-reduced tribromosilane 
as well as tetrabromosilane. The experimental data 
are presented in Table 9. 
4.6 Conversion of Tetrabromosilane to Tribromosilane 
4.6 .l. General 
The favorable reaction yields from the thermal decomposition 
reaction (2) 
4SiHBr3, Si + 2H2 + 3SiHBrq (85% yield) 
and from the hydrogen reduction reaction (4) 
SiHBr3 + HZ+ Si + 3HBr (60% yield) 
suggest the possibility of economically viable pro- 
cesses capbleofmeeting the LSA cost goals for 1986. 
The previous attempts to reduce tetrabromosilane with 
hydrogen in the fluidized bed reactor resu1t;d in the 
erosion of the silicon bed and the production of tri- 
bromosilane. This observation, coupled with the 

favorable silicon yield data, indicated the possibility 
of two closed loo processes for the production of solar 
grade sil 7---- con. The ultimate success of either process 
required the conversion of by-product tatrabromosi1,ane 
into tribromosilane at some suitably high yield. A 
series of experiments directed toward this needed 
conversion was undertaken. 
4.6.2 Packed Bed Experiments 
A series of three experiments wae undertaken in the 
apparatus shown in Figure 12 to investigate the tem- 
perature dependence of the yield of tribromosilane 
via Equation (1). The reactor was packed with 1w.p~ 
of metallurgical grade sili~o!-~ and strands of copper 
wire were dispersed throughout the bed to act as a 
reaction catalyst. Pure tetrabromosilane synthesized 
from bromine and silicon was introduced along with 
hydrogen into the redctor. The reactor effluent 
was condensed and distilled into products by noting 
boiling point. A plot of volume collected vs. boiling 
point was made and used to c,ompute the yield of 
tribronosilane. A sample -~olume vs. boiling psint 
diagram is shown in Figure 13. 
Fluidized Bed Zxperiments 
Six additional experiments were conducted using a 
fluidized bed reactor. Experiments 104 through 106 
employed 3 wt % copper powder as catalyst, while the 
final three Experiments 107 through 109 were con- 
ductsd without the benefit of a catalyst. 
The experimental data and results for runs 101 through 
109 are summarized in Table 10, Review of these ilata 
indicate commeraially acceptable yields of tribromo- 
~ilane and show that 
(a) Yield of tribromosilane is greatest in a 
temperature range of 650tC to 700°C. 
(b) Yield is improved by increasing residence time. 
(c) Hydrogen to tetrabromosilane ratios of 1:l to 
2.5: 1 resulted in highest yields. 
The importance of a reaction catalyst and the value 
of a fluidized bed for the conversion reaction were 
not conc1usivsl.y demonstrated in the experiments. 
The 35% yield of tribromosilane, coupled with the 
silicon yields of the thermal decomposition and 
hydrogen reduction processes, indicates two 
possible closed-loop processes as potential 
ones for commericialization. 
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DISTILLATE VOLUME COLLECTED, ml 
FIGURE 13. Typical plot showing volume vs. boiling point for 
analysis of conversion reaction. Results show 
approximately 200 ml SiHBr3 in a total volume of 
710 ml. Refer to Table 10 , Experiment 102 for 
details. 
- I 
TA
B
LE
 
1
0
 
::
/ 
R
E
SU
LT
S 
OF
 C
ON
VE
RS
IO
N 
OF
 
TE
TR
AB
RO
M
OS
IL
AN
E 
TO
 T
RI
BH
O
M
O
SI
LA
N
E 
1:. 
(1
) 
R
el
at
iv
e 
to
 T
r
 
(2
) 
Y
ie
ld
 i
s 
de
fi
ne
d 
a
s
 
th
e 
r
a
ti
o
 o
f 
m
o
le
s 
o
f 
Si
H
B
r3
 t
o
 m
o
le
s 
o
f 
S
iB
rq
 x
 
10
08
 
NU
M
BE
R 
1
0
1
 
10
2 
D
AT
E 
1
-6
Ju
n
e 
1
3
Ju
n
e
 
RE
AC
TO
R 
d
r 
c
m
 
2.
4 
2.
4 
2.
4 
2.
5 
2.
5 
2.
5 
2.
4 
2.
4 
2.
4 
1
0
3
 
15
-1
6 
Ju
n
e 
I I
n
 
=
m
/*
 
8.
7 
8.
3 
13
.5
 
11
.3
 
1
1
.1
 
5.
0 
13
.5
 
~
Y
D
R
O
G
E
~ 
G
c(
1)
 
C
I
~
~
/
S
 
25
.0
 
26
.1
 
27
.2
 
46
.6
 
24
.4
 
42
.4
 
14
.8
 
8.
1 
46
.0
 
10
4 
10
5 
10
6 
-
 
10
7 
10
8 
10
9 
-
 
Si
H
B
r3
 
% 
(2
) 
2
1
 
36
 
37
 
N
il
 
8 1
3
 
12
 
S
 
4.
6 
5.
1 
3.
0 
1.
8 
1.
8 
1.
6 
0.
9 
2.
0 
0.
7 
L
~
 
c
m
 
-
-
-
-
-
-
-
-
 
40
 
40
 
40
 
20
 
20
 
20
 
1
0 
10
 
10
 
23
 J
un
e 
5 
Ju
ly
 
7 
Ju
ly
 
1
1
J
u
ly
 
12
 J
u
ly
 
12
 J
u
ly
 
DA
TA
 T~
 
O
C
 
62
0 
65
0 
69
8 
56
0 
60
0 
67
5 
65
0 
69
0 
55
0 
S
iB
r 
G
(1
) 
'5 
a
n
 /. 
14
.3
 
11
.7
 
33
.9
 
8.
8 
30
.1
 
18
.0
 
34
.4
 
14
.7
 
14
.9
 
1
5
 
N
il
 
-
 
-
-
 
-
 
-
-
-
 
CA
TA
LY
ST
 
Gc
/ 
Or
 
1.
75
 
2.
23
 
0.
80
 
5.
30
 
0.
81
 
2
.3
51
2.
3 
0.
43
10
.8
 
0.
55
 
3.
09
 
RE
M
AR
KS
 
S
tr
an
d
s 
o
f 
P
ac
ke
d 
be
d 
c
o
pp
er
 w
ix
e I 
N
o 
c
a
ta
ly
st
 
F
lu
id
iz
ed
 b
ed
 
I I 
F
lu
id
iz
ed
 b
ed
 
5.0 CLOSED-LOOP PROCESS FOR SOLAR GRADE SIXaICON PRODUCTION 
FROM SiHBr3 
5.1 General 
The experimental investigations reported in Sections 
3.0 and 4.0 substantiate the design of two closed- 
loop processes for the production of silicon. These 
processes rely upon the decomposition of tribromosilane 
or the hydrogen reduction of tribromosilane in a 
fluidized bed reactor and the subsequent production of 
fresh tribromosilane by the reaction of reactor by- 
products with hydrogen and metallurgical grade silicon. 
These processes are described in detail in the following 
paragraphs. 
Thermal Decomposition Process 
This process utilizes the observed thermal decomposition 
reaction of tribromosilane, 
coupled with the conversion of the tetrabromosilane 
by-product to fresh tribromosilane. A block flow 
diagram of this process is given in Figure 14. A 
simplified process flow diagram and material balance 
is given in Figure 15. 
Hydrogen Reduction Process 
The hydrogen reduction of tribromosilane, 
SiHBr3 + H2--Si + HBr (4) 
is the basis for this process. The generaticn of fresh 
tribromosilane is accomplished by the conversion of 
by-product tetrabromosilane and the production of 
additional material from the reaction of HBr and Si 
as reported by Schumb 6 Young (15). A block flow 
diagram is shown in Figure 16 and a simplified process 
flow diagram and material balance in Figure 17. 
Process Economics 
Since each closed-loop process shows great promise and 
has demonstrated technical feasibility, the process 
selection requires evaluation of the economic parameters 
of each process. A simplified economic analysis is pre- 
sented in Table 11 for the two competing processes. 
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Cost estimates presented in Table 11 show that neither 
process has a clear economic advantage in terms of Capital 
Costs. The processes are technically similar and have 
comparable energy requirements; hence, operating costs 
may be reasonably expected to be about equal. 
5 Process Selection 
-
The Thermal Decomposition and Hydrogen Reduction Pro- 
cesses are technically similar. Major points for com- 
parison of the two processes are: 
The-mal Decomposition Process 
(1) larger process units with higher throughput 
( 2 )  simpler process due to lack of HBr reactions 
( 3 )  lower reaction temperatures 
(4) 30% overall theoretical yield demonstrated 
Hydrogen Reduction Process 
(1) process units 1/3 size of thermal decompo- 
sition process with corresponding lower 
through-put 
(2) more complicated process due to HBr reactions 
( 3 )  higher reaction temperatures 
(4) 36% overall theoretical yield demonstrated 
However, it must be recognized that although each process 
has three basic process steps (with one of these, the 
purification stage, common to both processes), only one 
non-common stage in each process has been extensively 
studied, and to a certain degree optimized. These are 
the decomposition (last) stage in the Thermal Decomposition 
Process and the synthesis (first) stage in the Hydrogen 
Reduction Process, the latter being utilized for SiHBr3 
synthesis prior to and during the life of the contract. 
At this point then, both processes appear attractive as 
well as comparable; and further optimization of SiHBr3 
synthesis from SiBrq and Hz, as well as hydrogen reduction 
of SiHBr3, to determine maximum overall process yield and 
reaction rate are required for process selection. 
TABLE 11 
Order of magnitude estimates of capital costs associated with 
construction of 1000 MT/Y silicon production plant. The 
Thermal Decomposition Process and the Hydrogen Reduction 
"rocesses are compared. 
CAPITAL COSTS (1) 
Direct Costs 
Process Equipment 
Process Material 
Piping 
Electrical 
Insulation 
Structural 
Instrumentation 
Off sites 
Labor 
Total Direct Costs 
Hq REDUCTION ( 2 )  THERMAL DECOMPOSITION 
Indirect Costs 
Contractors Expenses 1,850,550 1,986,300 
& Fee @ 15% - 
Total Indirect Costs 1,850,550 1,986,300 
Total Installed Cost $14,187,550 $ 15,228,600 
Notes : 
(1) Total direct and indirect costs scaled from process 
equipment element estimates using typical cost factors 
from Perry. (16) 
( 2 )  Cost estimate derived from process equipment estimate for 
thermal decomposition process through use of "six-tenths 
factor" in Perry. 
6.0 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
Based on the studies described above the following 
conclusions can be drawn. 
1) Technical feasibility of two closed-loop 
SiHBr3 processes, the Thermal Decomposition 
and the Hydrogen Reduction Process, for 
production of SCG polycrystalline silicon, 
has been demonstrated by laboratory-scale 
experiments. 
2)  SiHBr processes studied possess certain 
technqcal and economic advantages over current 
SG polycrystalline production and chlorosilane 
L-sed processes for meeting LSA Project Silicon 
Material Task cost objectives. These are: 
i) Continuous rather than batch operation 
of the reduction stage. 
ii) Reduced energy consumption per unit of 
Si product through continuous 
reduction at reduced temperature. 
iii) Inhibited homogeneous nucleation and 
wall deposition. 
iv) Elimination of formation of explosive 
polymer products. 
V) Larqe-particle (350 micron) product. 
3)  Comparative simple economic analysis shows the 
Thermal Decomposition Process and the Hydrogen 
Reduction process both have Capit.al Equipment 
Cost Estimates in the range of the Cost Element 
Objective of $15,000,000 for 1,000,000 kg/yr 
polycrystalline silicon production. 
4) Further study will be required for process selection 
and completion of raw material, utility, and 
operating labor cost estimates. 
6.2 RECOMMENDATIONS FCR FUTURE DEVELOPMENT 
It is suggested that a modular process pilot plant 
be designed and constructed wherein the individual 
reactions and purification processes can be 
demonstrated and characterized. Tho proposed 
modular design will allow individual unit operations 
to be investigated singly or to be integrated into 
the operations of any other module or group of modules. 
The closed-loop nature of the process will be 
demonstrated, and product silicon will be provided for 
quality analysis. Other key areas to be investigated 
or demonstrated include: 
1) Internal designs for SiHBr3 synthesis reactor 
a) HBr process 
b) SiBr4 process 
C) Possible HBr - SiBrq combination in 
3ingle reactor 
2 )  Internal designs for Si Production (Thernal 
decomposition or hydrogen reduction) reactor 
3 )  Purification and distillatic? 
a) Identification of impurities 
b) System o~timization 
4) Thermal optimization, including reactor 
feed-effluent heat exchangers 
5) Materials of construction 
a) Product contamination 
b) Lifetime 
6) Environmental imp?ct 
a) Vent gas scrubbing 
b) Solids disposal 
7) Gas recycle and separation 
a) Hz - HBr separation 
b) H2 compression 
8) i4ake-up requirements 
a)  Hydrogen 
b, Bromine species 
C) Silicon 
The proposed pilot plant is shown in Figure 18. It 
consists oZ six r,?odular process or control based units. 
FIGURE 18 
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APPENDIX 
During the course of the work performed on JPL Contract 
954914 by the J. C. Schumacher Company, observations have 
been made which appear contrary to published ~hermodynamic 
Properties of Bromosilanes (14). In particular, the 
following reactions have been seen to occur in appreciable 
yield at temperatures significantly below T for AG = 0 
according to (14) . 
60% yield 
(3) rsi1~1-3 8500C w M + 2H2 + 3Si~r4 ,% G = -8.5kcal @ 29Q°C 85% yield 
650°C (4) Si + 2H2 + 3s- - 4s-3 A G = 3.5kcal @ 650°C 
35% yield 
The discrepancy between observed and predicted results can 
be due to several reasons, among which are 
(1) errors in extrapolated and interpolated data 
base in (14) 
(2) non-equilibrium conditions in experiments 
(3) side reactions producing a net A G < O  and 
by-products 
It is interesting to note that Sangster (16) predicts the 
following T for AG = 0: 
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